Today most emergency room radiographs are computerized, making digital image enhancement a natural advancement to improve fracture diagnosis. We compared the diagnosis of nondisplaced proximal femur fractures using four different image enhancement methods using standard DICOM (Digital Imaging and Communications in Medicine) after window-leveling optimization. Twentynine orthopaedic residents and specialists reviewed 28 pelvic images consisting of 25 occult proximal femur fractures and three images with no fracture, using four different image filters and the original DICOM image. For intertrochanteric fractures, the Retinex filter outperforms the other filters and the original image with a correct fracture type diagnosis rate of 50.6%. The Retinex filter also performs well for diagnosis of other fracture types. The Retinex filter had an interobserver agreement index of 53.5%, higher than the other filters. Sensitivity of fracture diagnosis increased to 85.2% when the Retinex filter was combined with the standard DICOM image. Correct fracture type diagnosis per minute for the Retinex filter was 1.43, outperforming the other filters. The Retinex filter may become a valuable tool in clinical settings for diagnosing fractures. Level of Evidence: Level I, diagnostic study. See the Guidelines for Authors for a complete description of levels of evidence.
Introduction
In recent years, traditional radiographic film gradually has been replaced by digital images. Digital technology allows many useful image manipulations. Some of these manipulations are basic and mandatory, eg, change of brightness, contrast, and zoom. More advanced manipulations such as image enhancement for soft or bony tissues are available but lack evidence to support their superiority in diagnosis of fractures.
Numerous studies describe the use of digital image enhancement, most for chest or dental radiography [3, 6, 8, 12, 17, 18, 24, 25, 32, 34, 35, 37, 39, 40] . Image enhancement outperformed standard DICOM images, eg, it enabled better lung and skeletal tumor detection [3, 6, 18] , better craniofacial soft tissue measures [8] , improved detection of lung and mediastinal nodules [11] , and superior dental caries identification [39] . Other studies have only presented various filters without studying their performance in a clinical setting [17, 23, 24, 32, 34, 35] .
Nondisplaced proximal femur fractures can be difficult to diagnose and in some cases the fracture is overlooked until displacement occurs [1, 21, [27] [28] [29] [30] [31] 38] . The actual number of missed hip fractures is unknown but has been reported from 2% to 10% [28, 36] . In patients with suspected hip fractures and normal-appearing radiographs, bone scans, CT, and MRI currently are used for additional diagnosis [2, 4, 5, 7, 9-11, 13, 14, 16, 20, 22, 26, 41] . MRI One or more of the authors (RN, DR) has or may receive payments or benefits from a commercial entity (Surgix Orthopedic Solutions Ltd) related to this work. Each author certifies that his or her institution has approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
is considered the best diagnostic modality with reported sensitivity of 97% to 100% and specificity 96% to 100% [4, 9, 11, 41] . However, these modalities are either high-cost (MRI) or expose the patients to high levels of radiation (CT, bone scan).
Digital image enhancement offers a low-cost option to increase correct fracture diagnosis rates. This modality uses the standard radiograph performed in the emergency room and does not require exposure of patients to high levels of radiation. Evidence for better fracture diagnosis achieved by digital image enhancement is important as it may easily be incorporated into emergency room practice.
We compared the efficiency of four different mathematical algorithms, and the usual DICOM radiograph, for diagnosis of occult proximal femur fractures (subcapital, intertrochanteric, and base of neck). Based on specific fracture type, we compared: (1) the probability for correct fracture-type identification, by filter, (2) interobserver agreement of fracture type, and (3) correct fracture-type identification per minute. Regardless of fracture type (comparing only femurs without a fracture versus any fracture) we: (4) compared the sensitivity, specificity, and positive and negative predictive values, between the filters, and (5) identified factors contributing to correct diagnosis (fracture or no fracture).
Materials and Methods
In this study, we used the radiographs from a cohort of 28 patients with 11 subcapital fractures, five base of neck fractures, nine intertrochanteric fractures, and three normal (without fracture) radiographs as a control group. The final diagnosis for 17 of the patients was based on fracture displacement several days after presentation ( Fig. 1 ) and for eight patients by other imaging modalities (MRI, CT, or bone scan). These images were digitally enhanced by four filters and contrast and brightness optimal adjustments performed to the standard DICOM format. We then randomly presented the 140 images (28 9 5) to 29 blinded physicians who determined the diagnoses. Overall 4060 images were analyzed. Approval for the use of the radiographic images was provided by the Chaim Sheba Medical Center Helsinki committee, which concluded the nature of the study was such that written patient consent was not required.
Fig. 1A-G (A)
A DICOM image after optimal brightness and contrast adjustment, (B) adaptive histogram equalization filter, (C) triple gray filter, (D) color filter, (E) bone filter, and (F) Retinex filter images of a nondisplaced subcapital fracture are shown. This fracture was not diagnosed at presentation to the emergency room. (G) One day after the first radiograph was taken, the patient presented to the emergency room with a displaced subcapital fracture. In the DICOM image, the image brightness is not equal, whereas with the histogram equalization filter the brightness of the image is equally distributed. With the triple gray filter the image was parted into three zones and rebuilt, whereas with the color filter the image was parted into seven zones and rebuilt. The color filter was dropped after the pilot study. With the bone filter the bony trabeculae are enhanced, whereas with the Retinex filter bone elements are enhanced according to a multiscale level. The study was conducted in two hospitals in Israel, The Chaim Sheba Medical Center and the Tel-Aviv Medical Center. Twenty-nine physicians participated in the study, included in two groups based on professional experience. The junior group (n = 12 [41.4%]) consisted of eight orthopaedic surgery residents with as much as 24 months residency training, three physicians in internship, and one family medicine resident. The senior group (n = 17 [59.6%]) consisted of 12 orthopaedic surgery residents with more than 2 years residency and five specialists in orthopaedic surgery. The mean age of the participants was 36 years (range, 26-59 years; standard deviation, 6.9 years), and the mean time of experience (measured from the beginning of residency) was 5.5 years (66.5 months; range, 0 for internships to 33 years for the most veteran specialist). We assured each physician was familiar with the nomenclature of proximal femur fracture by reviewing a diagram of the different proximal femur fractures.
Reviewing the Picture Archiving System from 2003 to 2006, there were 41 patients with nondisplaced proximal femur fractures. By using the rule of two as described by Laurin et al. [19] , patients with two radiographic examinations of the hip or pelvis in a 3-week period before proximal femur surgery were reviewed. Twenty patients with proximal femur fractures who were misdiagnosed as not having fractures on their first visit to the emergency department were identified. Seventeen of these patients were later admitted with a displaced proximal femur fracture. An additional 21 patients with a nondisplaced hip fracture were diagnosed clinically at the emergency room and were admitted for additional examination. The control group consisted of three pelvic images of patients, who were referred to the emergency room with low back pain, excluding a fall.
We conducted a pilot study in which three orthopaedic residents (ND, ST, IBB) read 41 radiographic images. As a result of this pilot survey, the color filter ( Fig. 1D) was dropped, and the pelvic images were zoomed and focused on the fracture side. The 41 radiographic images were too burdensome for the physicians to view, therefore, images in which the fracture was too evident were excluded; this left 25 radiographs of nondisplaced proximal femur fractures and three radiographs without fractures for review. We arbitrarily chose the number of radiographs without fractures.
All 25 fracture images were reviewed by three expert reviewers (IBB [senior resident], SD, AC [heads of orthopaedic surgery departments). A visibility score was given to the remaining images on a scale of 0 to 3: 0 = no sign of fracture, 1 = minimal sign of fracture (eg, cortex discontinuity), 2 = nondisplaced fracture (eg, hairline fracture), 3 = obvious fracture. This score was not validated previously (Pearson's correlation = 0.47-0.78).
Using MATLAB 1 software (Version 7; The Math-Works, Inc, Natick, MA), we developed four different image enhancement filters that were applied to the pelvic radiographs. The original DICOM images were used as the gold standard for comparison with the filtered images (DICOM group, Fig. 1A ). For the DICOM group, the window level (contrast and brightness) of the images was adjusted manually by one of the authors (IBB) to make the fracture site as visible as possible.
The image enhancement filters used were adaptive histogram equalization (Heq group) ( Fig. 1B) [35] , for which an internal MATLAB 1 algorithm was used; a triple gray filter (GgG group) ( Fig. 1C) , which parted the 4096 shades of gray in the regular image to three equal parts and the images obtained were combined smoothly; a color filter, in which gray-scale partition (as in the GgG filter) was used with colors for each partition (Fig. 1D ); a bone filter (BF group) ( Fig. 1E ), in which we enhanced the bone trabeculae in the radiograph by detecting their spatial frequency; and a multiscale Retinex filter (Retinex group) ( Fig. 1F ), which separates the image into few high-pass sub-bands and recombines the sub-band images with a weighting parameter that reflects the importance of the features highlighted in that sub-band image to a clinician (Appendix 1) [23] .
The study was conducted using software specifically tailored to the survey needs. All 28 images were displayed using four filters and the original DICOM image. Every participant had to diagnose the 140 images with a limit of 1 minute for each image. We recorded the diagnosis time of each image. To determine the image display order, for each participant, a constrained randomization algorithm was used, ie, no consecutive images were presented with the same fracture using different filters.
All of the images were anteroposterior radiographs of the proximal femur without a lateral view of the hip. The participants had to choose a diagnosis from a list or write a freehand diagnosis if it did not match the list. A level of confidence was noted for each image diagnosis on a scale of 1 to 5 in increasing confidence order (1 = suspected, 5 = absolutely sure). This score was not validated previously (Pearson's correlation, -0.11-0.56; median, 0.16). We used the same portable computer (AMILO; Fujitsu Siemens, Maarssen, The Netherlands) to test all subjects.
Correct fracture-type classification probabilities are presented as frequency counts (percent). Comparisons of correct fracture-type classification probabilities were performed by the chi square test. All p values presented are two-sided. We used R software Version 2.5.1 (Vienna, Austria) for all analyses [33] .
Interobserver agreement for each filter was calculated as the mean (±standard deviation) percent of similar fracturetype classification among all pairs of reviewers. It was compared using analysis of variance. Post hoc multiple corrections were performed by comparisons against the best [15] .
The efficiency index was calculated as the number of correct answers divided by the total reviewer time (in minutes). This index is the number of correct answers per minute, and is an important criterion for filter performance; it represents the time efficiency of the filters. A linear regression model was fitted using filter type, reviewer experience group (juniors or seniors), and their interactions to detect which of these factors influenced the index.
We calculated diagnosis test indices (sensitivity, specificity, and positive and negative predictive values) by grouping the answers to fractures versus no fractures. The indices among all groups were compared with the combined performance of the original DICOM group and Retinex filter group. For this combined use of filters, we defined a fracture diagnosis if so diagnosed using at least one of the filters (Retinex or DICOM groups). The comparisons were made using proportion approximation to the normal distribution calculating covariance for comparisons with the DICOM or the Retinex filter. For the other filters, independence was assumed. We performed correction for multiple comparisons using the Dunnett method with the combined filter used as the common compared treatment.
Multivariate analysis was performed using logistic regression for correct diagnosis, ie, fracture or no fracture. A correct diagnosis was considered identifying any type of fracture or no fracture. The covariates inserted in the model were experience group, visibility score (0 for no fracture, 1 to 3 by increasing visibility), time of diagnosis greater than 30 seconds, filter type, confidence index, type of fracture, and interaction terms for time with experience group and visibility index. Results of the logistic regression are presented as odds ratio (OR), with the appropriate 95% confidence interval and p value.
We also performed a logistic regression using time longer than 30 seconds as the dependent variable. Explanatory covariates were correct fracture diagnosis, senior versus junior groups, visibility score, and interaction between the last two.
Results
The mean time to answer all the questions concerning the 140 images was 53 minutes (range, 34-82 minutes; standard deviation, 13 minutes), with an average time of 23 seconds per question. The senior group answered the survey on average 10 minutes faster (p = 0.04) than the junior group, with means of 49.1 minutes and 59.6 minutes, respectively. The average time for answering a question decreased as the visibility index improved. There was a tendency to answer faster when the confidence level increased.
Overall correct fracture-type identification probability was 47.3%. The correct identification probabilities of intertrochanteric fractures for the DICOM, Retinex, GgG, Heq, and BF groups were 113 (43.3%), 132 (50.6%), 77 (29.5%), 121 (46.4%), and 119 (45.6%), respectively (Table 1) (p = 0.001). We found the Retinex filter had interobserver fracture-type agreement of 53.5%, which was greater than any other filter (Table 1) (p = 0.001).
The seniors had higher correct fracture identification per minute (1.45) as compared with the juniors' experience group (1.09; p = 0.001) (Fig. 2) . Mean efficiency indices for DICOM, Retinex, GgG, Heq, and BF groups were 1.28, 1.43, 1.08, 1.37, and 1.36, respectively. The Retinex filter had the highest efficiency index, meaning highest correct fracture diagnosis per minute (p = 0.0016).
The Retinex filter generally outperformed the other filters with sensitivity, specificity, and positive and negative predictive values of 75.4%, 66.7%, 95%, and 24.6%, respectively ( Table 2 ). The sensitivity of the filter obtained from combining the DICOM filter with the Retinex filter was 85.2%, outperforming all other filters (adjusted p = 0.01).
The following factors increased the odds for correct diagnosis (fracture or without fracture) ( Table 3) : senior physicians (OR = 1.25; p = 0.015), diagnosis time longer than 30 seconds for each frame (OR = 1.6; p = 0.013), each visibility score (OR = 2.81; p = 0.001), and each confidence index (OR = 1.13; p = 0.001). The GgG filter (OR = 0.59; p = 0.001) decreased the probability for correct diagnosis. The OR of the other filters did not Interobserver agreement 48% (± 11%) à 54% (± 10%) à 51.6% (± 10.5%) à 47 % (± 12%) à 48% (± 10%) à 0.001 § * p = 0.114; interobserver agreement was calculated only for frames in which at least one of the testers was correct in diagnosis of fracture type; values are expressed as mean (± standard deviation); à adjusted p \ 0.05 (pair-wise comparisons with the best, ie, Retinex); § using analysis of variance; GgG = triple gray filter; Heq = adaptive histogram equalization filter; BF = bone filter. differ from that of the DICOM image. A senior physician observing an image for more than 30 seconds reduced his odds to diagnose correctly (OR = 0.62; p = 0.004).
To explain the last result, we examined factors that influenced the odds to review an image more than 30 seconds. Junior physicians increased the odds by a factor of 1.37 (p = 0.0013). Each visibility score and correct diagnosis reduced the odds by factors of 0.89 (p = 0.0008) and 0.75 (p = 0.0003), respectively. However, senior physicians did not view images with low visibility score longer (p = 0.23).
Discussion
Digital image enhancement is a relatively simple but important advance in diagnosis of fractures. We believe it offers better diagnosis of fractures without higher radiation exposure. We examined several filters for diagnosis of nondisplaced proximal femur fracture. The filters were compared by probability for correct fracture-type identification, interobserver agreement, correct fracture-type identification per minute, diagnosis test indices, and multivariate model for correct diagnosis. Fig. 2 A graph compares box plots of correct fracture-type identification per minute for senior and junior physicians with each filter used in the study. The middle lines in the box plots represent the median, the box limits are the first and third quartiles, and the bars are extreme values. The senior physicians have higher correct fracturetype identification per minute than the junior physicians (p = 0.001). As compared with the DICOM filter, the triple gray and Retinex filters have lower and higher correct fracture-type identifications per minute, respectively (p = 0.025 and p = 0.09, respectively). GgG = triple gray filter; Heq = adaptive histogram equalization filter; BF = bone filter. All fracture types were combined and diagnosis was restricted to fracture versus no fracture. As the Retinex filter outperformed the other filters, we checked the performance of combining the DICOM with Retinex filter, so that fracture diagnosis with any of them would be considered a fracture; *adjusted p \ 0.05 (Dunnett's method), compared with DICOM + Retinex; GgG = triple gray filter; Heq = adaptive histogram equalization filter; BF = bone filter; PPV = positive predictive value; NPV = negative predictive value. Our study had several limitations. The images used did not necessarily represent the cases viewed in the emergency room by the orthopaedic physician. Thus, the data do not represent the fracture types or the normal to abnormal image ratios. This presents difficulty in assessing the positive and negative predictive values of the tests, because these indices depend on the incidence of fractures in the studied population. However, the focus of the analysis is on indices that are less influenced from fracture prevalence such as the OR, sensitivity, and specificity. The limited number of normal images was attributable to trying not to overburden the reviewers, ie, most of them reviewed the images for almost an hour.
Our data suggest digital image enhancement may be a useful tool for improving fracture diagnosis. Most of the literature regarding digital image enhancement are descriptive and do not offer comprehensive comparisons of filters (Table 4) [6, 8, 12, 18, 35, 39, 40] . For chest radiography, digital image enhancement leads to better tumor detection and better nodule detection rate [6, 18] . In dental surgery, digital image enhancement improves the metric measures for facial soft tissue structures [8] . It also provides better detection rates of caries [39] . Our data suggest the Retinex filter has the highest probability for correct diagnosis of intertrochanteric fractures. Combining this filter with the original DICOM image yields a high sensitivity (85%), outperforming the other filters. This finding is further emphasized as the DICOM images presented were optimally adjusted manually (contrast and brightness). This manual adjustment partially explains the relatively good diagnosis based on the DICOM images.
The study design enabled exploration of some important issues, previously unnoticed, regarding occult proximal femur fractures. As was expected, the senior physicians tended to view images for shorter times, with higher correct diagnosis per minute than junior physicians. Although the junior group increased its OR for correct diagnosis by extending viewing time of each image, a reverse effect was observed in the senior physicians group. One might argue senior examiners are able to recognize and focus on occult fractures better; however, as we assessed the visibility of each fracture, we were able to reject this hypothesis.
We believe the Retinex filter can be used as a complement to diagnosis based on a standard DICOM image, enhancing its sensitivity to occult fractures. We suggest that if no fracture is seen on the DICOM image but there is clinical evidence to suggest an occult fracture (inability of an elderly patient to walk or pain at axial loading with limited range of motion, etc), then the Retinex filter should be used. When a fracture is seen, it should be treated. If no fracture is seen with the Retinex filter, MRI or other imaging modalities should be used. was adjusted manually to make the fracture site as visible as possible. The adjusted pictures were saved as bit map files. The adaptive histogram equalization (Fig. 1B) filter was not developed by us. We used the integral algorithm of the MATLAB 1 software. It was tested previously on chest radiographs. Because the dynamic range of radiographs is approximately 1024 to 4096 gray levels and standard screens normally show 256 gray levels, these image gray levels to the screen gray levels must be mapped. To map the image, it was divided into square blocks of 32 9 32 pixels. On each block, mapping of the window level for each pixel was performed; the center of each block was used as the transformation calculated for the block. For each pixel in the image, we set the gray level transformation as the bilinear interpolation from the block centers. The result is an image that locally shows the pattern in all frequencies at maximum contrast; however, on a global scale, it has a nonlinear transformation compressing the dynamic range to 256 gray levels.
The idea behind the triple gray filter (Fig. 1C) was to triple the number of the gray shades seen when the radiograph is displayed on a standard screen. As mentioned before, a normal computer screen displays eight-bit depth, equal to 256 steps of gray; however, in a DICOM image, each pixel contains 12-bit depth, which means approximately 4096 shades of gray. The image was parted into three images containing 1 .
3 of the gray scale of the original image. On each part, 1365 shades of gray instead of 4096 in the original image were displayed with 256 gray levels. To combine the three images smoothly, the middle part was left normal and the center and the peripheral parts were inverted. This filter can be dynamic by changing the thresholds between the parts, but for the test the parameters were constant for all of the images.
Because most of the physicians use a color computer screen, we tried to present the picture in colors to show more information (Fig. 1D) . The same manipulation on the image was performed as for the triple gray filter, only the image was parted into seven zones according to the gray level. We left the middle part gray and used colors to display the other parts. Eventually the image was rebuilt. This filter was excluded from the final survey after a pilot survey showed this filter was significantly inferior to the other filters.
With the bone filter ( Fig. 1E) , we attempted to enhance the bone trabeculae in the radiograph by detecting the spatial frequency band of the trabeculae and enhancing their average frequency in the image using a spatial filter. To reduce the dynamic range, we weakened the low frequencies in the image (using a single spatial filter). After enhancing the trabecular grid in the image and suppressing the low frequencies, we wanted to avoid the tedious action of setting the window leveling; we applied an adaptive histogram equalization filter on the resulting image. The result is an easy to calculate image in which the trabecular grid is visible and enhanced.
The multiscale Retinex filter (Fig. 1F) is designed for dynamic range compression. The filter is applicable in cases in which the image is unable to encompass the wide dynamic range present in most natural scenes. The human visual system is tolerant to spectral changes in lighting and conditions. A human observer is able to separate the lighting conditions of the scene from the texture details related to the features in the scene. Therefore, the lighting variations across the image are largely compressed, whereas the texture variations are compressed with much lower values. The multiscale Retinex method is based on such a model of the human visual system. It separates the image into a few high-pass sub-bands, thus examining the image at different resolutions and decreasing the effects of illumination, which is considered smooth over the image. Global window leveling optimization then is applied to each image sub-band to fit the relevant gray scale values over the available display gray scale values. Thus, the irrelevant gray scale values related to external objects (metal implants) are fitted with constant saturation value. The resulting filtered image finally is attained by recombining the sub-band images with a weighting parameter that reflects the importance of the features highlighted in that sub-band image.
